ABSTRACT The effects of temperature fluctuation during 7 d of storage on stage of blastoderm development, embryonic mortality, and hatchability of broiler hatching eggs were studied. Hatching eggs from 2 commercial flocks of Ross 308 broiler breeders at 27 and 50 wk of age, respectively, were randomly assigned to replicate chambers with either a constant temperature (Constant) of 18
INTRODUCTION
Maintaining the quality of hatching eggs is imperative because eggs provide both physical protection and nutrition for the growing embryo. While broiler breeder egg size increases with flock age the internal egg quality of freshly laid eggs has been demonstrated to decline with age of hen (Romanoff and Romanoff, 1949; Peebles and Brake, 1987; O'Sullivan et al., 1991; Benton and Brake, 1996) . Tretyakov et al. (1973) reported considerable variability in the stage of embryonic development at oviposition in the chicken and Coleman and Siegel (1966) found that eggs from a line of birds that withstood storage better had embryos that were more developed at the time of oviposition. Meijerhof C 2018 Poultry Science Association Inc. Received March 5, 2018 . Accepted May 24, 2018 . 1 The use of trade names in this publication does not imply endorsement of the products mentioned nor criticism of similar products not mentioned. 2 Corresponding author: jbrake@ncsu.edu et al. (1994) found that eggs from a prime flock (37 wk) were less sensitive than eggs from an old flock (59 wk) to variations in nest temperature, storage time, storage temperature, and presetting temperature. Meuer and Baumann (1988) further established that the thick albumen layer overlying the embryo limited gas exchange during early incubation and contributed to early embryonic mortality. In a review, Brake et al. (1997) examined these and similar data and related these effects to differences in albumen quality that affected early embryo development and recommended different conditions and storage periods for eggs from broiler breeders at distinct ages as a means to create the most appropriate albumen quality at the start of incubation. Studies reviewed by Stern (1991) suggested that the chick blastoderm, while still in the oviduct, had the ability to modify its environment obviously as a result of metabolic activity that produced carbon dioxide and ammonia. After oviposition, temperature has been found to have a considerable influence on the rate of embryonic development and the success of hatching egg storage 3878 (Kaplan et al., 1978) . Preincubation heating has been found to advance the stage of embryo development (Meir and Ar, 1998; Fasenko et al., 2001b; Reijrink et al., 2009 Reijrink et al., , 2010 . Gucbilmez et al. (2013) reported that heating eggs to an incubational temperature once or twice during 11 d of storage significantly increased hatchability of fertile eggs only in eggs from younger broiler breeder flocks. This was probably due to the fact that fresh eggs from older flocks have been found to contain embryos primarily at the gastrula stage of development in the presence of relatively poor albumen quality while fresh eggs from younger flocks with better albumen quality had many embryos at the more sensitive pregastrula stage (Reijrink et al., 2009 (Reijrink et al., , 2010 Elibol et al., 2011) , i.e., before hypoblast formation. The eggs from young flocks may have been positively affected by a period of heating during storage. Increased early embryonic mortality has also been associated with incubation of fresh eggs that possessed good quality albumen (Brake et al., 1993) . These data may collectively explain why eggs from different age flocks and different genetic lines subjected to different lengths of preincubational storage require different storage temperatures in order to attain maximum hatchability.
Embryo development has been demonstrated to be reversibly suppressed (Bakst and Gupta, 1997; Fasenko et al., 2001a; Fasenko, 2007) in temperatures ranging from 19
• C to 27
• C (Edwards, 1902; Funk and Biellier, 1944; Landauer, 1967; Decuypere and Michels, 1992; Mauldin, 2002) . During the summer months in the northern hemisphere, the environmental temperature is commonly greater than 20
• C. It is during this season that hatchability has often been observed to decline (Fasenko et al., 1999) . Bramwell and Martin (2008) reported that variations in hatching egg storage temperatures of as little as 1.1
• C (2 • F), as might occur in summer months and affect embryonic tissues differentially, reduced hatchability by as much as 3.5%. This was in stark contrast to the benefits observed when a period at a typical optimal incubational temperature that probably affected embryonic tissues more uniformly was used (Gucbilmez et al., 2013) . Obviously, there must be subtle interactions between embryo development and metabolism, age of flock, albumen quality, and absolute temperature. The objective of the present study was to examine the effects of sudden temperature fluctuations (increases) during 7 d of storage on stage of the blastoderm development, embryonic mortality, and fertile hatchability of broiler hatching eggs from young and old breeder flocks.
MATERIALS AND METHODS

Broiler Breeder Flocks
Eggs from 2 commercial Ross 308 broiler breeder flocks being fed the same diet and subject to the same management scheme within the same geographic area were used. Breeder flock ages were 27 wk (young) and 50 wk (old).
Egg Collection and Storage Conditions
At each flock age, a total of 1,300 eggs that had been laid within a 1 h period were collected and transferred in a climate controlled vehicle to the laboratory within 2 h. The eggs from each flock age were then randomly assigned to 2 replicate chambers (4 chambers total) each operating at either a constant (Constant) temperature of 18
• C or a temperature that fluctuated (Fluctuated) over a 40 min period 3 times daily between 18
• C and 21
• C (0900, 1300, and 1700) during 7 d of storage (Figures 1 and 2 ). This latter treatment mimicked the situation where an egg storage room door was opened to move freshly collected and warmer eggs into a storage room. During storage, eggs were placed in plastic egg trays with a 174H data logger (Testo, Lenzkirch, Germany). In addition, the egg shell temperatures (EST) were measured with an infrared ThermoScope-HT-F03A (Medicare, Singapore, Malaysia) twice daily when the Fluctuated chambers were at their minimum and maximum temperatures. The relative humidity in the chambers averaged 65%. Figure 1 . Complete temperature profile for 7 d of egg storage for both flock ages. The Constant chambers were set at 18
• C while the Fluctuated chambers had a temperature that fluctuated 3 times daily between 18
• C (0900, 1300, and 1700 h). • C while the Fluctuated chambers had a temperature that fluctuated 3 times daily between 18
• C (0900, 1300, and 1700 h).
up position were held horizontal to the floor and not turned.
Embryo Collection and Staging
To assess blastoderm development during egg storage, a random subset of 20 embryos was examined before and after storage and the developmental stage of the blastoderm was determined in the young and old flock age groups. Embryos were isolated from the yolk by using the filter ring technique as described in Gupta and Bakst (1993) . The dorsal and ventral sides of the embryo were examined with a stereomicroscope (Leica S6D, Leica Microsystems GmbH, Wetzlar, Germany) to determine the stage of embryonic development according to the classification table of Eyal Giladi and Kochav (1976) .
Incubation
Each tray of 60 eggs was considered to be a replicate and 10 replicate trays per egg storage temperature treatment and flock age were subjected to incubation. Following 7 d of storage, eggs from both storage temperature treatments and flock ages were divided in half and randomly set in a single-stage laboratory incubator. A single-stage incubation program was used with the machine set point temperature gradually decreasing from 38.1±0.2
• C on E1 of incubation to 37.5±0.2 • C at E18. Hatchers had a dry bulb temperature of 37.2
• C at E18 that was gradually decreased to 36.4±0.2
• C at E21. Relative humidity was 53±2% from E1 to E18. Machines were monitored 4 times daily for proper operation. Eggs were turned 24X daily to E18 d of incubation and were hatched in the same machines following transfer to fixed hatching baskets.
Embryonic Mortality and Hatchability
At both flock ages, infertile and early dead (0-7 d) embryos were identified by candling, removal, and macroscopic examination at E10 by a single experienced individual. At the time of removal of chicks from hatchers (510 h of incubation), all remaining unhatched eggs were opened and examined macroscopically by the same individual to determine the remaining mid+late embryonic mortality (8 to 21 d plus pipped). Percentage hatchability of fertile eggs was calculated as the number of chicks hatched per 100 fertile eggs set.
Statistical Analyses
Data from the completely randomized design were subjected to ANOVA using the GLM procedure of SAS Institute Inc. (2004) . Statements of statistical significance were based upon P < 0.05 unless otherwise indicated.
RESULTS
Air and Egg Shell Temperatures
The air temperatures produced during egg storage are shown in Figures 1 and 2 , respectively, and the effects of Constant vs. Fluctuation temperature treatments on air temperature and EST are summarized in Table 1 . At the point of highest temperature increase in the Fluctuated treatment there was an approximately 2.8
• C difference in EST (P < 0.05) relative to the Constant temperature treatment.
Embryonic Development
In Table 2 there is a summary of the effects of flock age, egg storage period, and egg storage temperature treatment on blastoderm development. As expected, the stage of blastoderm development was more advanced both before and after storage (P < 0.10) for eggs from the old flock than for eggs from the young flock. Blastoderm stages of fresh eggs were EGK 8.9 and 10.1 for the young and old flocks, respectively. Blastoderm stages of embryos in the Fluctuated treatment were more advanced (P < 0.05) than those of the Constant treatment (EGK 9.8 vs. 
Hatchability and Embryonic Mortality
The effects of fluctuated temperature during 7 d storage on hatchability of total and fertile eggs, and embryonic mortality are shown in Table 3 . In the eggs from the young flock, the incidence of early dead embryos was significantly (P < 0.05) reduced by Fluctuated temperature compared with Constant temperature but the opposite was observed in eggs from the old flock, where reduced fertile hatchability (83.6 vs. 87.3%; P < 0.05) was also observed due to Fluctuated temperature.
DISCUSSION
The present data demonstrated that the Fluctuated temperature treatment during 7 d storage had positive as well as negative effects on early embryonic mortality of fertile eggs depending upon age of the breeder flock. These findings reflected those of Meijerhof et al. (1994) and the conclusions of Brake et al. (1997) . Variability of developmental stage at the moment of oviposition has been well documented (Sturkie and Williams, 1945; Romanoff and Romanoff, 1972; Tretyakov et al., 1973; Butler, 1991) and embryonic development at oviposition has been reported to be different for different parental ages (Mather and Laughlin, 1979; Decuypere and Michels, 1992; Fasenko et al., 1992; Decuypere et al., 2001; Fasenko, 2007; Reijrink et al., 2009) . As demonstrated in the present study, embryos in eggs from the older flock were more developmentally advanced than that those from the younger flock at oviposition. This may be due to eggs spending a longer time in the oviduct that would alter temperature exposure, either because the oviduct was longer or because the rate of passage of the egg was reduced (Mather and Laughlin, 1979) , and/or differences in albumen quality that affected vital gas exchange (Meuer and Baumann, 1988) .
Average stage of blastoderm development during storage was advanced in the Fluctuated temperature treatment (Table 2 ) although achieved EST level was less than 21
• C in the present study (Table 1) . This was below the temperature at which embryonic development was early reported to not occur (i.e., "physiological zero") (Edwards, 1902) . However, Bakst and Gupta (1997) determined that some turkey embryonic development occurred during storage for 3, 7, or 14 d at 15
• C. Reijrink et al. (2009) reported that embryonic development was advanced by prestorage incubation from developmental stage EGK 11.67 to developmental stage EGK 13.26 in older flock (61 wk) eggs and from developmental stage EGK 9.22 to developmental stage EGK 12.63 in younger flock (28 wk) eggs. Accordingly and proportionally, in the present study the average embryo stage was advanced by 0.9 (from EGK 8.9 to 9.8 or EGK 10.1 to 11.0 in eggs from young and old flocks, respectively) by a thrice daily 3
• C fluctuation in temperature over 7 d.
After 7 d of storage, the advanced gastrula stage of development embryo percentages (>EGK 10) were 10% or 30% for Constant and Fluctuated temperature treatments, respectively, in young flock eggs (Figure 3) . The percentages were 30 or 60% for Constant and Fluctuated temperature treatment in old flock eggs, respectively (Figure 4) . It has been reported that the developmental stage of the embryo at oviposition was related to hatchability (Hays and Nicolaides, 1934; Coleman and Siegel, 1966; Kosin and Arora, 1966; Steinke, 1972) . Steinke (1972) reported that embryos in a pregastrula stage of development at oviposition (<EGK 10) were common in eggs of hens with hatchability lower than 55%, whereas eggs of hens with moderate and very good hatchability contained embryos at a more advanced gastrula stage of development (>EGK 10). Heat treatment before and during egg storage for a few hours daily was beneficial for hatchability in lines of chickens with a normally reduced hatching percentage (Kosin and Pierre, 1956; Becker and Bearse, 1958; Nicholson et al., 2013) . Embryo development was accelerated by an increase in temperature and retarded by a temperature decrease (Byng and Nash, 1962; Kaplan et al., 1978; Fasenko et al., 1999; Reijrink et al., 2009; Dymond et al., 2013) . Moreover, heating eggs to normal incubation temperatures during 11 d of storage significantly increased fertile hatchability in eggs from younger but not older broiler breeder flocks (Gucbilmez et al., 2013) . In addition, Reijrink et al. (2009) found that prolonged prestorage incubation reduced total hatchability from 59.3 to 51.5% when storage time was 12 d for older broiler breeder flocks.
Variations in egg storage temperatures of as little as 1.10
• C have been reported to reduce hatchability by as much as 3.5% (Bramwell and Martin, 2008) . Results of the present study demonstrated that an approximately 2.8
• C increase in temperature for Fluctuated eggs during storage for 7 d reduced fertile hatchability of eggs from older broiler breeder flock relative to storage at the Constant temperature of 18
• C. However, younger breeder flock eggs were not negatively affected by this Fluctuated storage temperature. Meijerhof et al. (1994) also found that relatively small increases in temperatures of the nest box, storage area, and presetting area decreased hatchability in eggs from 59-wk-old broiler breeder hens but not 37-wk-old hens during relatively short storage. This result was probably due to differences in egg quality (egg weight, albumen quality, shell quality, and embryo development), as eggs from an older flock start with a poorer albumen quality (Walsh, 1993) and Hurnik et al. (1978) indicated that the lower albumen quality at oviposition, the more rapid its decline during storage. It seemed that embryos further advanced than developmental stages EGK 12 and EGK 13 were more sensitive to prolonged egg storage (Fasenko et al., 2001b; Reijrink et al., 2009 ). This seemed to be especially true for the older flock where the embryos reached EGK 14 as a result of a 3
• C increase in temperature for Fluctuated eggs during storage for 7 d. This may have been related to exposure to a substance such as ammonia in the absence of a thick layer of albumen during very early embryo development. In conclusion, the data from this study clearly demonstrated that Fluctuated temperature during storage advanced the stage of blastoderm development in eggs from both young and old broiler breeder flocks. This was apparently beneficial, as indicated by early embryonic mortality, in the case of the young flock but detrimental in the case of the old flock.
